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The Za domain of human ADAR1 (ZaADAR1) preferentially binds Z-DNA rather than B-DNA with high
binding afﬁnity. ZaADAR1 binds to the Z-conformation of both non-CG-repeat DNA duplexes and a
d(CGCGCG)2 duplex similarly. We performed NMR experiments on complexes between the ZaADAR1
and non-CG-repeat DNA duplexes, d(CACGTG)2 or d(CGTACG)2, with a variety of protein-DNA molar
ratios. Comparison of these results with those from the analysis of d(CGCGCG)2 in the previous study
suggests that ZaADAR1 exhibits the sequence preference of d(CGCGCG)2 d(CACGTG)2 > d(CGTACG)2
through multiple sequence discrimination steps during the B–Z transition.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Left-handed Z-DNA is in a higher energy conformation than
right-handed B-DNA and forms in a polymer of alternating pyrim-
idine–purine nucleotides under high salt conditions [1–3]. Z-DNA
is stabilized by negative supercoiling generated by transcription
in vivo [2,3] or by complex formation with the Z-DNA binding pro-
teins [4–10]. The most favourable sequence for Z-DNA formation is
an alternating d(CG)-repeat, with the dC in the anti-conformation
and the dG in the unusual syn-conformation [1–3], which causes
the backbone to follow a zigzag path [2,3]. The B–Z transition in-
volves each base-pair (bp) ﬂipping upside down [11]. During this
process, the base of each dG inverts into the syn-conformation,
whereas each dC remains in the anti-conformation because both
the sugar and base ﬂip over [11].
Human ADAR1 deaminates adenine in pre-mRNA to yield ino-
sine, which codes as a guanine [4]. The Za domain of humanchemical Societies. Published by E
.-S. Choi); +82 55 761 0244
S. Choi), joonhwa@gnu.ac.krADAR1 (ZaADAR1) preferentially binds Z-DNA rather than B-DNA
with high binding afﬁnity [12–14]. The crystal structure of a
ZaADAR1–Z-DNA complex revealed that two Za domains bind to
each strand of double-stranded DNA with twofold symmetry with
respect to the DNA helical axis [4]. A previous NMR study on a
d(CGCGCG)2–ZaADAR1 complex [15] suggests the active-mono B–Z
transition mechanism of a 6-bp DNA duplex (Fig. 1), in which (i)
one molecule of ZaADAR1 (denoted as P) binds directly to the B-form
DNA (denoted as B); (ii) the B–Z transition of DNA in the complex
follows; and (iii) ﬁnally, the stable ZP2 complex (the Z-form DNA
denoted as Z) is produced by the addition of another P.
Z-DNA can also be formed in double-stranded DNA sequences
that lack alternating pyrimidine–purine base pairs or that include
AT base pairs [16–18]. The AT base pairs partially distort the over-
all Z-DNA structure by disrupting the hydration spine [16]. The
ability of DNA duplexes to undergo the B–Z transition can be or-
dered as follows: (i) d(CG) repeat (which undergoes the transition
most readily), (ii) d(TG/AC) repeat, (iii) d(GGGC) repeat, and (iv)
d(TATA) repeat [19,20]. Recently, a structural study revealed that
ZaADAR1 binds to the Z-conformation of both non-CG-repeat DNA
duplexes and a d(CGCGCG)2 duplex similarly, suggesting that
ZaADAR1 recognizes Z-DNA through a common structural feature
rather than by a speciﬁc sequence or structural alternations [21].lsevier B.V. All rights reserved.
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Fig. 1. B–Z transition of a 6-bp DNA duplex by two ZaADAR1 proteins. B and Z
indicate the B-form and Z-form of the DNA duplex and P indicates ZaADAR1.
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ZaADAR1 discriminates between DNA sequences and then selec-
tively recognizes the alternating d(CG)n sequence in a long geno-
mic DNA is not well understood.
To investigate the effect of DNA duplex sequence on the binding
afﬁnity and B–Z conversion activity of ZaADAR1, we have performed
NMR experiments on complexes between ZaADAR1 and the non-
CG-repeat DNA duplexes, d(CACGTG)2 [referred to as CA6] or
d(CGTACG)2 [referred to as TA6], (Fig. 2A) with a variety of pro-
tein-to-DNA (P/N) molar ratios. Comparison of these results with
those from experiments using d(CGCGCG)2 [refered to as CG6],
which were previously reported [15], lead to valuable insights into
the molecular mechanism of the sequence discrimination exhib-
ited by ZaADAR1 when it induces the B–Z transition.
2. Materials and methods
2.1. Sample preparation
The DNA oligomers, d(CACGTG) and d(CGTACG), were pur-
chased from M-biotech Inc. (Seoul, Korea). The oligomers wereFig. 2. (A) Sequence contexts of the DNA duplexes. (B) 1D imino proton spectra of the C
imino proton spectra of the TA6 duplex in NMR buffer at 15 C upon titration with ZaADpuriﬁed by reverse-phase HPLC and desalted using a Sephadex
G-25 gel ﬁltration column. The amounts of the DNA samples were
represented as the concentration of DNA duplexes which was a
half of that of single-stranded DNA. To produce 15N-labelled ZaA-
DAR1, BL21(DE3) bacteria were grown in M9 medium containing
1 g/l 15NH4Cl. Expression and puriﬁcation of 15N-labelled ZaADAR1
has been described in the previous report [8]. The protein concen-
tration was measured spectroscopically using an extinction coefﬁ-
cient of 6970 M1 cm1 at 280 nm. The DNA duplexes, CA6 and
TA6, and protein samples were dissolved in a 90% H2O/10% D2O
NMR buffer containing 10 mM sodium phosphate (pH 8.0) and
100 mM NaCl.2.2. NMR experiment
All 1H and 15N NMR experiments were performed on a Varian
900 MHz spectrometer (KIST, Seoul) equipped with triple reso-
nance probe. All 1H and 15N NMR spectra were obtained using
the complex samples which were prepared by the addition of
15N-labelled ZaADAR1 to 0.2 mM DNA samples in a NMR buffer at
the indicated P/N ratio. One dimensional (1D) NMR data were pro-
cessed with either the program VNMRJ (Varian, Palo Alto) or FE-
LIX2004 (Accelrys, San Diego), whereas 2D data were processed
with the program NMRPIPE [22] and analyzed with the program
Sparky [23]. External 2-2-dimethyl-2-silapentane-5-sulfonate
was used for the 1H and 15N references.
2.3. Hydrogen exchange rate measurement
The The apparent longitudinal relaxation rate constants
(R1a = 1/T1a) of the imino protons of free DNA and the DNA–ZaADAR1
complexes at various P/N ratios were determined by semi-selective
inversion recovery 1D NMR experiments. The apparent relaxation
rate constant of water (R1w) was determined by a selective inver-
sion recovery experiment, using a DANTE sequence for selective
water inversion [24]. R1a and R1w were determined by curve ﬁtting
of the inversion recovery data to the appropriate single-exponen-
tial function. The hydrogen exchange rate constants (kex) of the
imino protons were measured by a water magnetization transfer
experiment. The intensities of each imino proton were measuredA6 duplex in NMR buffer at 15 C and (C) 25 C upon titration with ZaADAR1. (D) 1D
AR1.
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Fig. 3. The fraction of Z-DNA (fZ) of CG6 (15) (open square, 35 C), CA6 (gray circle,
25 C) and TA6 (closed square, 15 C) as a function of the P/N ratio. Solid lines are
simulated fZ of the DNA duplexes induced by ZaADAR1.
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determined by ﬁtting the data to Eq. (1):
I0  IðtÞ
I0
¼ 2 kexðR1w  R1aÞ ðe
R1at  eR1wtÞ ð1Þ
where I0 and I(t) are the peak intensities of the imino proton in the
water magnetization transfer experiments at times zero and t,
respectively, and R1a and R1w are the apparent longitudinal relaxa-
tion rate constants for the imino proton and water, respectively,
measured in semi-selective inversion recovery 1D NMR experi-
ments [24,25].
2.4. Isothermal titration calorimetry (ITC) experiments
Measurements of association constants were performed at spe-
ciﬁc temperatures (CG6: 35 C, CA6: 25 C, TA6: 15 C) on a Micro-
Cal VP-ITC calorimeter (Northhampton, MA). In a typical
experiment, 1.5 ml of 0.02 mM ZaADAR1 in a buffer containing
10 mM sodium phosphate (pH 8.0) and 100 mM NaCl were titrated
using a 0.10 mM DNA duplex samples in the same buffer (25 injec-
tions of 10 ll each). The results were analyzed using Origin 7.0
(OriginLab Co., Northhampton, MA).3. Results and discussion
3.1. Titration of ZaADAR1 to non-CG-repeat DNA duplexes
All imino resonances of CA6 and TA6 disappeared at 35 C (Sup-
plementary material Fig. S7), indicating that these two DNA du-
plexes are very unstable as compared to CG6; thus, all NMR
experiments were conducted at 15 or 25 C. Interestingly, the G6b
imino proton resonances in the both free CA6 and TA6 duplexes
could be observed 1D imino proton spectra acquired at 900 MHz
ﬁeld at 15 C (Fig. 2B and D), even though the C1G6 base pairs
are the terminal base pair of the very short (six base-paired) DNA
duplexes. However, at 600 MHz ﬁeld, these resonances are too
line-broadened to be observed at the same temperature (data not
shown). Fig. 2B and D show the change of the imino proton spectra
of CA6 and TA6 upon the titration with ZaADAR1 at 15 C. The new
resonances [G4z of CA6; G2z and T3z of TA6] are indicative of the
Z-form helix induced by ZaADAR1. Surprisingly, the G4z and T5z imi-
no proton resonances are extensively line-broadened or not ob-
served in the CA6–ZaADAR1 complex at 15 C (Fig. 2B), indicating
that the Z-form helix of the CA6–ZaADAR1 complex exhibits the unu-
sual dynamic property compared to the CG6–ZaADAR1 or TA6–ZaA-
DAR1 complexes. However, the G4z imino proton resonances in the
CA6–ZaADAR1 complex became more sharpened in the 1D NMR
spectra as temperature increased to 25 C (Fig. 2C). Fig. 3 shows
the fractions of Z-DNA (fZ) within total DNA populations of the
CA6 (25 C) and TA6 (15 C) duplexes complexed with ZaADAR1,
which were determined by the integration of new resonances as a
function of the P/N ratio. Only about 76% of the TA6 duplexes were
converted to Z-DNA by ZaADAR1 even though the P/N ratio was in-
creased to 7.4 (Fig. 2D), whereas most of the CG6 sequences exhib-
ited the Z-conformation at a P/N ratioP 2.0 [15]. In the case of CA6,
about 89% of the DNA duplexes displayed the Z-conformation at a
P/N ratio = 5.3 (Fig. 3). This result indicates that the non-CG-repeat
DNA duplexes have lower binding afﬁnities for ZaADAR1 than does
an alternating d(CG)n DNA duplex.
3.2. Exchange rate constants of imino protons of the CA6 and TA6
duplexes
The hydrogen exchange rate constants (kex) for the imino pro-
tons of free and ZaADAR1–bound CA6 and TA6 at various P/N ratioswere determined at 15 and/or 25 C by the water magnetization
transfer method (see Fig. 4) [24–28]. The protein binding to DNA
duplex could change the rate constant and/or the equilibrium con-
stant for base-pair opening (see Supplementary material). Thus the
hydrogen exchange data can be used to probe how intramolecular
or intermolecular interactions stabilize nucleic acid duplexes. The
G4b and T5b of free CA6 have kex values of 39.2 ± 0.6 and 86.2 ±
2.4 s1 at 25 C, respectively. Fig. 4C shows kex data for the G4b
of the CA6–ZaADAR1 complex, for which the kex decreased to
18.6 ± 3.7 s1 as the fZ was increased to 0.89 (meaning that the P/
N ratio increased from 0 to 5.3). The G2b and T3b of free TA6 have
kex values of 11.5 ± 0.5 and 11.4 ± 0.4 s1 at 15 C, respectively.
Interestingly, the kex of the G2b in the TA6–ZaADAR1 complex in-
creased to 19.3 ± 3.6 s1 as the fZ was increased to 0.76 (Fig. 4D).
The imino protons of the Z-form were more slowly exchanged than
those of the B-form (Fig. 4). In contrast to results obtained for CG6
in the previous study [15], clear changes in the kex values of the
G2z in the TA6–ZaADAR1 complex and the G4z in the CA6–ZaADAR1
complex were not observed, even though the fZ became larger than
0.7 (Fig. 4).
3.3. Passive B–Z transition mechanism
In the passive B–Z transition mechanism (Fig. 1), the change of
the kex data for the G4z imino proton of CA6 and G2z imino proton
of TA6 can be explained by the presence of mixtures of two imino
protons from ZP and ZP2 in the imino peaks. In this case, the
correlation between the observed kex for the imino proton of the
Z-conformation and the fZ is given by Eq. (2) (see Supplementary
material):
kex ¼ kZP2ex
þ ðk
ZP
ex  kZP2ex Þ
2cK0BZfZ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð1 fZÞ2 þ 4cK0BZfZð1 fZÞ
q
 1þ fZ
 
ð2Þ
where kZPex and k
ZP2
ex are the kex of the imino protons for ZP and ZP2,
respectively, K0BZ ¼ ½B=½Z; and c ð¼ KZP2a =KZPa ) is the ratio of the
association constants, Ka, of the ZP2 and ZP complex states. Unfor-
tunately, no signiﬁcant change in the kex data for the G2z of TA6 and
G4z of CA6 was observed under this experimental condition unlike
the CG6 (Fig. 4C and D) and thus the passive B–Z transition model
could not be evaluated in this system. The kex data for the G2b of
TA6 and G4b of CA6 should be uniform because the BP and BP2
complex states did not exist in this model. However, the strong
dependence of kex data for these imino protons on the fZ value
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Fig. 4. (A) 1D imino proton spectra of the water magnetization transfer experiments for free CA6 (left) and CA6–ZaADAR1 complexes at the P/N = 0.8 (middle) or 3.0 (right) at
25 C. (B) 1D imino proton spectra of the water magnetization transfer experiments for free TA6 (left) and TA6–ZaADAR1 complexes at the P/N = 1.2 (middle) or 7.4 (right) at
15 C. The delay times between the selective water inversion and acquisition pulse are indicated on the left of spectra. (C) The kex values of the G4b (open circle) and G4z
(closed circle) imino protons for the CA6–ZaADAR1 complex determined at 25 C and (D) kex values of the G2b (open circle) and G2z (closed square) imino protons for the TA6–
ZaADAR1 complex determined at 15 C as a function of the fZ. Solid lines are the best ﬁt to Eq. (3), where the kex data were weighted by the inverse of their variance.
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states exist as intermediate during the ZaADAR1–induced B–Z transi-
tion of CA6 and TA6. Thus the active mechanism model should be
considered to analyze the B–Z transition of the CA6 and TA6 du-
plexes induced by ZaADAR1, even though the passive B–Z transition
model could not be evaluated.
3.4. Active B–Z transition mechanism
In the active-mono pathway of the active B–Z transition mecha-
nism (Fig. 1), the change of the kex data for the imino protons of the
B-conformation can be explained by the presence of mixtures of
two imino protons from B and BP in the imino peaks. In this case,
the correlation between the observed kex for the imino proton of
the B-conformation and the fZ is given by Eq. (3) (see Supplemen-
tary material):
kex¼ kBexþ
ðkBPex kBexÞ
2ð1aÞð1 fZÞ
 1þðK1BZ1ÞfZ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð1þðK1BZ1ÞfZÞ24K1BZð1aÞfZð1 fZÞ
q 
ð3Þ
where kBex and k
BP
ex are the kex of the imino protons for B and BP,
respectively, K1BZ ¼ ½BP=½ZP; and a ð¼ KZP2a =KBPa ) is the ratio of the
association constants, Ka, of the ZP2 and BP complex states. The a,
K1BZ, and k
BP
ex values of CA6 and TA6 complexed with ZaADAR1 were
determined by curve ﬁtting kex of the imino protons as a function
of fZ with Eq. (3) (Fig. 4C and D). The k
BP
ex (10.2 s
1) of the G4b in
the CA6–ZaADAR1 complex was much smaller than its k
B
ex value(39.2 s1) (Table 1). This result implies that the exchange process
of the G4 imino proton might be reduced by ZaADAR1 bound to B-
DNA. Interestingly, the kBPex value (22.2 s
1) of the G2b imino proton
in the TA6–ZaADAR1 complex was signiﬁcantly larger than their k
B
ex
values (Table 1). These results mean that the TA6 duplex base pairs
became unusually destabilized when ZaADAR1 bound to B-DNA, in
contrast to the CA6 duplex base pairs. The kZPex values for the imino
protons for the Z-conformation could not be determined because
these imino protons did not show any signiﬁcant change in the
kex data (Fig. 4C and D).
It was previously reported that free CG6 exhibits only the B-
form conformation when [NaCl] 6 1 M, but begins to transition
to the Z-form when [NaCl]P 2 M [15], suggesting that free DNA
does not undergo the B–Z transition under physiolgical conditions
(i.e. K0BZ ¼ ½B=½Z  1). When the DNA is bound to one molecule of
ZaADAR1, the B-form helix in the BP state could be easily converted
to Z-DNA because K1BZ for CG6 is about one [15]. Similarly, our
study revealed that the CA6 B-DNA duplex (K1BZ ¼ 0:4  0:1) is
efﬁciently changed to Z-DNA by the binding of one molecule of
ZaADAR1 via the active-mono mechanistic process, like CG6. How-
ever, the larger K1BZ value (= 6.3 ± 3.1) of TA6 versus CG6 and CA6
means that the ZaADAR1-induced B–Z transition of TA6 via the
active-mono pathway occurred less efﬁciently.
3.5. Association constants for the CA6–ZaADAR1 and TA6–ZaADAR1
complexes
The a values for the CA6–ZaADAR1 and TA6–ZaADAR1 complex are
1.42 and 13.9, respectively (Table 1). The concentrations of CA6
and TA6 complexed with ZaADAR1 at the various P/N ratios were
Table 1
Exchange rate constants of the imino protons of different states of the DNA–ZaADAR1 complexes and equilibrium constants for the ZaADAR1-induced B–Z transition.
Duplex Imino kBex (s
1) kBPex (s
1) aa K1BZ
b KBa K
ZP2
a
CA6c G4b 39.2 ± 0.6 10.2 ± 3.1 1.42 0.4 ± 0.1 3.9 ± 1.3  103 5.5 ± 1.9  103
TA6d G2b 11.5 ± 0.5 22.2 ± 5.3 13.9 6.3 ± 3.1 2.5 ± 0.9  103 3.5 ± 1.3  104
a a ¼ KZP2a =KBPa .
b K1BZ ¼ ½BP=½ZP.
c Determined at 25 C.
d Determined at 15 C.
4348 Y.-J. Seo et al. / FEBS Letters 584 (2010) 4344–4350calculated as described in Supplementary material section (Tables
S3 and S4). From these concentrations, the association constants
for the CA6–ZaADAR1 and TA6–ZaADAR1 complexes were calculated
(Supplementary material Tables S3 and S4), and their average
values are shown in Table 1. The KBPa values of CA6–ZaADAR1 and
TA6–ZaADAR1 are 3.9 ± 1.3  103 and 2.5 ± 0.9  103, respectively.
The KZP2a values of CA6–ZaADAR1 and TA6–ZaADAR1 are 5.5 ± 1.9 
103 and 3.5 ± 1.3  104, respectively, indicating that the binding
of the second ZaADAR1 to the DNA duplex is slightly more efﬁcient
than the initial binding to the B-DNA. Interestingly, these KBPa and
KZP2a values are much smaller than those of CG6–ZaADAR1 (>10
7).
Crystal structural studies found that, in contrast to the behavior
of CG6, some intermolecular hydrogen bonding interactions van-
ished in TA6 and CA6 complexed with ZaADAR1 [4,21]. This struc-
tural feature could explain the lower binding afﬁnities of ZaADAR1
for the non-CG-repeat TA6 and CA6 duplexes as compared to CG6.
The B–Z transition induced by ZaADAR1 was further evaluated by
ITC. Fig. 5A presents the heat produced during titration of CG6
against ZaADAR1 at 35 C. Each addition of CG6 resulted in the re-
lease of heat until the binding was saturated (Fig. 5A). The CG6
data did not ﬁt well with ‘one-site binding (stoichiometric param-
eter n = 2)’ model or ‘two sequential binding’ model but suggested
a ‘two-site binding’ model. However, two stoichiometric parame-
ters in the two-site binding model were larger than one. This
behavior may result from the B–Z transition step which could
not be considered in any ITC binding model. This analysis produced
the binding parameters: Ka1 = 3.9  107, Ka2 = 3.2  105, DH1 =0
5
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trast to CG6, each addition of CA6 at 25 C or TA6 at 15 C resulted
in the absorption of heat (Fig. 5B and C), which indicates that the
binding of ZaADAR1 to CA6 and TA6 is an endothermic process
(DH > 0). The calculated DGooverall values for binding of ZaADAR1 to
CA6 (25 C) and TA6 (25 C) are 12.2 and 11.3 kcal/mol, respec-
tively. Even though these DGooverall values cannot be used because
this analysis did not consider the B–Z transition step, the ITC re-
sults clearly supported the DNA sequence-dependent B–Z transi-
tion mechanism (see Fig. 6) studied by NMR spectroscopy.
3.6. Implication for DNA sequence discrimination of ZaADAR1
Fig. 6 shows the diagram for Gibbs free energies of the mecha-
nism for the B–Z transition induced by ZaADAR1, which were calcu-
lated from association constants using the equationDGo = RTlnKa.
This ﬁgure can explain how ZaADAR1 exhibits the sequence prefer-
ence of CG6 CA6 > TA6 during the B–Z transition. First, the P
binds to the B, with a sequence preference of CG6 CA6 > TA6,
even though the structural features of these three DNA duplexes
complexed with ZaADAR1 are very similar to each other. This
distinct difference in the binding afﬁnities for the different DNA
duplexes is the ﬁrst sequence discrimination factor of ZaADAR1 dur-
ing the B–Z transition. Second, the BP of CG6 and CA6 convert to
ZP, whereas this process occurs less efﬁciently in for TA6. These
different B–Z transition activities allow ZaADAR1 to discriminate50 60 70 80 90 100
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purine sequences. Third, the ZP of CG6 and CA6 binds to the P
and forms the stable ZP2 complex with a sequence preference of
CG6 CA6, which might act as the third sequence discrimination
step. Taken together, we can propose the new model that ZaADAR1
selectively recognizes the alternating d(CG)n sequence and then
converts it to Z-form helix in a long genomic DNA through its mul-
tiple sequence discrimination steps.
4. Conclusions
Our study suggests that ZaADAR1 binds to Z-DNA via an active B–
Z transition mechanism in which ZaADAR1 ﬁrst binds to B-DNA and
then converts it to left-handed Z-DNA that is stabilized by the
binding of a second ZaADAR1 molecule. During the B–Z transition,
ZaADAR1 exhibits the sequence preference of d(CGCGCG)2  d(CAC-
GTG)2 > d(CGTACG)2 through multiple sequence discrimination
steps. These results can explain how ZaADAR1 selectively recognizes
the alternating (CG)n sequence in a long genomic DNA.
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